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Suppression of Alveolar Macrophage
Membrane Receptor-Mediated
Phagocytosis by Model and Actual
Particle-Adsorbate Complexes.
Initial Contact with the Alveolar
Macrophage Membrane
by George J. Jakab,* Terence H. Risby,* Shelley S.
Sehnert,* Robert R. Hmieleski,* and Jane E.
Farringtont
Alveolar macrophages were treated with carbon blacks and adsorbates in order to evaluate the biologic
effect of adsorbate, adsorbent and adsorbate-adsorbent complexes. Their capacity to phagocytize a sub-
sequent challenge via the Fc-membrane receptor was quantified. Phagocytosis was suppressed in a
dose-related manner with increasing concentrations ofboth carbon blacks and adsorbates. Carbon black
N339 covered with 0.5 monolayers ofthe adsorbates suppressed phagocytosis more than N339 without the
adsorbates. Increasingtheadsorbate acrolein coveragefrom 0.5to > 2.0monolayers suppressed phagocyto-
sisin adose-related manner. Finally, samplesofdieselparticulate mattercollectedfrom anengineoperated
on a pure hydrocarbon fuel with various oxidizers, air (PSU #1) and an oxidizer free ofnitrogen (N-free)
weretested. TreatmentofthemacrophageswithPSU#1had anegligibleeffect onphagocytosiswhereasthe
N-free sample suppressed phagocytosis in a dose-related manner. The data show that alveolar macrophage
Fc-receptor-mediated phagocytosis is affected by: carbon black and adsorbate identity and concentration,
coverageofthecarbonblackwithadsorbates, andtheoxidizerused inthe generationofparticles emittedby
a diesel engine.
Introduction
The relationship between the physical chemistry of
particle-pollutant interactions and inhalation toxicology
isthe focus ofthis on-goingresearch program. Pollutant
gases or vapors sorbed on the surfaces of inhalable
environmental particles may reach the distal regions of
the respiratory tract that are normally inaccessible to
such pollutants. In combination, the particle and the
adsorbed gas may produce physiological effects not in-
duced by either agent alone (1,2).
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Thefirstlineofdefenseagainstinhaledparticlesinthe
distal lung is the alveolar macrophage phagocytic sys-
tem (3). Particles reachingthe alveolarregions are rap-
idly ingested by the macrophages thereby effectively
sequesteringthedepositedmaterialfromthevulnerable
respiratory surface. Phagocytic uptake is initiated by
the attachment of the particles to macrophage mem-
brane receptors. The Fc receptor recognizes the Fc
portion of immunoglobulin (IgG) and facilitates the in-
gestionofopsonized particles. Since one ofthefirstsites
of contact ofinhaled particles is the macrophage mem-
brane, the effectofinvitro treatmentofalveolarmacro-
phages with carbon, adsorbate, and carbon-adsorbate
combinations on the phagocytic activity ofmacrophages
wastested. Theresponse ofthemacrophagestoasecon-
dary particle challenge is dependent on Fc receptor-
mediated phagocytic ingestion.
Carbonblackaloneisnotanenvironmentalhazardand
isconsideredanuisancedust(4-6)sinceuponinhalation,
the particles do not appear to produce profound toxicJAKAB ET AL.
effects in the lung parenchyma. Pollutant molecules
sorbed on the surface of carbon black may alter the
biologic response to the inhaled carbon black if the
sorbed molecules are released from the surface of the
particle. The carbon blacks (adsorbents) selected for
testing have different surface areas and degrees ofsur-
face oxidation. They areused inthis studyasmodels for
morecomplexenvironmentalparticles. Themodelpollu-
tant molecules (adsorbates) used contain many of the
functional groups common to the adsorbed molecules
found onparticles emitted duringcombustion oforganic
materials. The rationale for this study was to test the
biologic effect of simple particle-adsorbate complexes
thatmodelmany ofthe important physical and chemical
parameters ofmorecomplexparticulate-adsorbate com-
binations, inordertopredictthebiologiceffectsofactual
environmentalpollutants emittedduringtheincomplete
combustion of organic material.
After deposition in the distal lungs, the adsorbed
molecules maybereleased fromtheparticle surfaceinto
lungtissueorfluid. Releasemayoccurbyeitherphysical
or chemical (metabolic) processes to provide a focused
dose to the lung epithelium.
Theintermolecularparametersthatdescribetheiden-
tity and amount ofgasphase molecules adsorbed on the
surface of model environmental particles have been
quantified as a function ofthe physicochemical proper-
ties of model adsorbents and adsorbates (7). The con-
clusions were that the majorfactors that determine the
strength ofadsorption are the surface properties ofthe
adsorbent, the intermolecular forces between the sur-
face, and the adsorbing molecule and the surface cover-
age ofthe adsorbent. The study was subsequently con-
tinued by modeling the physical release of these
adsorbed molecules into pure solvents, liposomes, or
zwitterionic micelles that model the surfactant-rich
physiological fluid found in the alveolar region of the
lung (8,9). It was concluded that the major factors de-
termining release were the surface properties of the
adsorbent, the intermolecular forces between the sur-
face andtheadsorbingmolecule, the surfacecoverage of
the adsorbent, andthepolarity ofthephysiological fluid
interacting with the adsorbate-adsorbent complex.
Phagocytic cells such as alveolar macrophages could
provide analternate means ofrelease ofadsorbed mole-
cules. Thereisevidencethatexogenousmoleculescanbe
metabolized within phagocytic cells to more polar me-
tabolites, thusfacilitatingdetoxification andsubsequent
excretion (10). Ifa cell containing such hydrophilic me-
tabolites is lysed, the cellular contents would not be
predisposed to re-adsorption onto anynonpolarparticle
surface. Rephagacytosis of metabolites would be less
likely, although they could be ingested via pinocytosis.
Polar metabolites are likely to remain in solution in the
alveolar surfactant, and would have increased probabil-
ityforinteraction withlungepithelium. Nonpolarmole-
cules that are metabolized more slowly could be cycling
betweenalveolarsurfactantandresidentnonpolarparti-
cles and may remain in the deep lungforlonger periods
oftime. Residence time will be further enhanced ifthe
nonpolar particle does not elicit a significant inflam-
matoryresponseleadingtoanincreasedinfluxofphago-
cytic cells to the lung. Additionally, postphagocytic
events may lead to macrophage lysis and release ofany
unmetabolized nonpolarmolecules onto the lungepithe-
lium, which is the deposition and residence site of the
nonpolar particle prior to clearance.
On the basis ofthis discussion, it may be postulated
that adsorbed molecules that are not readily released
into alveolar surfactant by physical processes may be
released by metabolic processes involving intracellular
enzymes. Intracellular release requires phagocytosis.
The process itselfbegins with the interactions ofrecep-
tors on the cell exterior membrane with the particle-
adsorbatecomplex. Thispaperdescribesthealterations
of the reserve capacities of alveolar macrophages to
phagocytize asubsequentchallengeafterpriorexposure
to adsorbates, adsorbents or adsorbent-adsorbate com-
plexes. Phagocytosis begins with the contact of the
alveolar macrophage surface by the particle adsorbate
complex.
Materials and Methods
Chemicals
The adsorbates studied were acetophenone, acrolein,
benzofuran, nitrobenzene and thiophene (>99 + %
purity, Aldrich or Burdick & Jackson Chemicals). The
adsorbentsusedwereoilfurnacecarbonblacksandtheir
ASTM classifications are as follows: N765, N339, N110,
N339 oxidized (N339ox), Black Pearls 2000 (BP 2000)
(Cabot Corporation).
Sample Preparation
All samples were prepared in tissue culture medium
199 (TCM 199). The adsorbates were assayed at concen-
trations of10, 1.0, 0.1, and 0.01 ,ug/mL. The adsorbents
tested were untreated and solvent extracted carbon
blacks. The concentrations used were 1.0, 0.1, 0.04, and
0.01 ,ug/mL. All samples with particles were sonicated
for30minbeforeadditiontothemacrophagemonolayers
in order to uniformly disperse the particles within the
media and eliminate agglomerate formation.
For removal of endogenous pyrolytic products from
thesurfacesofthecarbonblacks, theblackswerepacked
inchromatographic columnsandamixtureofequalparts
of1-hexane, dichloromethane, andmethanol(Aldrich, >
99+% pure) were eluted through the columns using an
HPLC system (Varian 2000 series), as previously de-
scribed (8).
Exogenous adsorbates were sorbed on the carbon
blacks by previously described methods (8). The proce-
dure consisted ofinjectingaknown amountofadsorbate
in the gas phase via a heated injection port of a gas
chromatograph (Varian 3700 series) onto a column
packed with a known weight ofcarbon black which was
maintained at ambient temperature. Desorption of the
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adsorbates does not occur at ambient temperatures (7).
This was experimentally confirmed by monitoring col-
umn effluent with a flame ionization detector. Classical
calculations of the amount of adsorbate on the carbon
blacks were employed (7).
Preparation and Collection of Diesel
Particles
The diesel particulate matter was obtained by direct
sampling of undiluted exhaust gases from the exhaust
stack of an AVCO-LYCOMING BERNARD Model
W-51 industrial diesel engine. Samples were collected
isokinetically onTeflon-coated glass fiberfilters andthe
entire sampling system was maintained at 52°C (11,12).
The engine was operated at constant speed and load
(2400 rpm, 3/4 rack) using a pure hydrocarbon fuel (1:1
volume ratio of 1-tetradecane and 2,2,4-trimethylpen-
tane) which is a model fuel with similarignition proper-
ties to a full-boiling range diesel fuel. Two different
oxidizers were used to support the combustion of the
diesel engine, air (PSU #1) and a mixture of carbon
dioxide (56%), argon(23%), andoxygen (21%) (N-Free).
Thedieselparticulate matterwascarefullyscrapedfrom
the filterand dispersed in TCM 199 at concentrations of
0.004, 0.01, 0.02, 0.04, and 0.1 mg/mL.
Alveolar Macrophage Fc-Membrane
Receptor Phagocytic Assay
Alveolar macrophages were obtained and the phago-
cytic assay performed with modifications of previous
described methods (13). Briefly, the lungs of 150 to 200
gmWistarrats(Hilltop LaboratoryAnimals, Scottdale,
PA)werelavagedandthecellssuspended inTCM 199at
a concentration of5 x 105 cells/mL. A 0.2-mL aliquot of
this suspension wasthenplaced on22-mm2coverslips in
35 x 10mmplastic petridishes andincubated at370C for
45 min. Aftermonolayering, the fluid was removed and
immediatelyreplacedwith 1.5mL ofvarious concentra-
tions of adsorbent, adsorbate, adsorbate-adsorbent or
Diesel particulate matter mixtures prepared in TCM
199. Following 1 hr ofincubation at 370C, the mixtures
wereremoved, themonolayerswashedthreetimeswith
warmed TCM 199, and cell viability was determined by
exclusion oftrypan blue. Thereafter, Fc membrane re-
ceptor-mediated phagocytosis was assayed by adding
1.5 mL of0.5% suspension ofsensitized sheep erythro-
cytes (RBCs) in TCM 199 and incubating them at 370C
for45min. Noningested RBCswerehypotonicallylysed
by adding distilled water to the monolayers for 10 sec
followed by several rinses with TCM 199. The mono-
layerswerethendried, fixedwithmethanol, andstained
with Wright-Giemsa. The stained cell monolayers were
read microscopically at 1000 x to quantify the percen-
tageofmacrophagescontainingingestedRBCs. Inaddi-
tion, thenumberofRBCsingestedperactivelyphagocy-
tic macrophage was also determined. The phagocytic
index (total number of RBCs ingested by 100 macro-
phages) was calculated by multiplying the percent of
macrophages phagocytic by the mean number ofRBCs
ingestedperphagocyticmacrophage. Twohundredmac-
rophages were counted on each monolayer. For each
carbon and adsorbate and carbon-adsorbate combina-
tion, twotothreeseparateexperimentswereperformed
withtwotofourreplicatesforeachconcentrationwithin
anexperiment. Thephagocyticindexfortheexperimen-
talgroupswasnormalizedtothedailycontrolvaluesand
is presented as a percentage of control.
Electron Microscopy
The monolayered macrophages were washed briefly
in mediawithout protein and then fixed with2% glutar-
aldehyde, 1% paraformaldehyde in 0.1 M phosphate
buffer (PBS, pH 7.4) startingatroomtemperature, and
then placed on ice for 1 hr. After three 10-min washes
withcoldPBSwith 1% sucrose, thecellswerepost-fixed
for 1 hr in 1% 004 made in PBS (without sucrose).
Before dehydration, the attached cells were washed
three times for 15 min each. Dehydration was through
100% ethanol; the propylene oxide steps were omitted;
embedment was in Poly 812 (Polysciences, Inc.). The
flat-faced blocks were popped out ofthe culture dishes
and any remaining glass was etched away with hydro-
fluoricacid. Thinsections(60nm)werecutonanLKB-V
ultramicrotome with a Diatome diamond knife and
mounted on 200 mesh copper grids. After staining in
uranyl acetate and lead citrate to enhance contrast, the
sections were viewed in aPhilips 410 transmission elec-
tron microscope at 100 KV.
Statistical Analysis
Comparisons of the raw data between controls and
treated groups were performed by the Student's t-test.
All statements of significance are p < 0.05.
Results
It was critical that macrophage viability not be
strongly affected by the samples assayed. Therefore,
the viability ofthe cells was determined afterthe initial
monolayering (> 95%) and after treatment with the
samples (> 90%). The only time that viability was less
than 90% was after treatment with the most concen-
trated samples.
During the course of these studies, approximately
94% ofthe untreated control macrophages were phago-
cytic with each phagocytic macrophage ingesting ap-
proximately 5.3 particles. Treatment with the adsor-
bates, carbon orthe carbon-adsorbate combinations re-
duced both the percentage of phagocytic macrophages
and the number ofparticles ingested, thereby lowering
the phagocytic index (particles ingested per 100
macrophages).
The effects of adsorbates alone on alveolar macro-
phage membrane Fc receptor-mediated phagocytic
functionarepresentedinFigure 1. Usingthephagocytic
index as a cumulative measure of phagocytic function,
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FIGURE 1. Comparison ofalveolar macrophage Fc receptor-mediated
phagocytosis following 1-hr treatment with increasing con-
centration of adsorbates. (Thio-. = thiophene; aceto-. = aceto-
phenone; nitro-. = nitrobenzene; benzo. = benzofuran). Each
value represents the mean + SE ofsix determinations.
treatment with acetophenone, nitrobenzene, benzo-
furan, and acrolein suppressed phagocytic activity in a
dose-related manner; the most dramatic effect was pro-
duced by acrolein. Treatment ofthe macrophages with
thiophene, however, suppressed phagocytosis at the
two highest concentrations and appeared to enhance
phagocytic activity at the two lowest concentrations.
The enhancement however, was not statistically signifi-
cant (p > 0.05).
The effect of carbon black concentration on macro-
phage Fc receptor-mediated phagocytic function is pre-
sented in Figure 2. The carbon blacks tested induced a
dose-related suppression of phagocytosis with increas-
ing concentrations. When the carbon black concen-
tration was sufficiently dilute (< 0.1 mg/mL), no aggre-
gation of particles was observed. However, at concen-
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FIGURE 2. Comparison ofalveolar macrophage Fc receptor-mediated
phagocytosis following 1-hr treatment with increasing con-
centrations of carbon blacks. Each value represents the mean ±
SE offour determinations.
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FIGURE 3. Comparison ofalveolar macrophage Fc receptor-mediated
phagocytosis following 1-hrtreatment with native (uncleaned) and
endogenous adsorbate extracted (cleaned) carbon black. Each
value represents the mean ± SE offour determinations.
trations of 0.1 mg/mL or greater, the particles
agglomerated upon standing and required sonification
for dispersion. Since carbon black could be expected to
agglomerate during treatment ofthe macrophages, the
dose-related suppression of phagocytosis might be due
to either concentration or agglomerate size or both.
The carbon blacks tested are known to have endoge-
nous polycyclic aromatic hydrocarbons sorbed on their
surface(14). Becauseofthis, thecarbonswerecompared
in their original ("uncleaned") state and after dynamic
elution ofendogenous adsorbates ("cleaned"). Figure 3
presents the data for the carbon blacks tested at a
concentration of 0.04 mg/mL. When the endogenous
adsorbates were removed, the phagocytic response did
not markedly change. This observation held true for
comparison ofall the concentrations tested.
To determine the effect of exogenous adsorbates on
Fc-receptor-mediated phagocytosis, uncleaned N339
wastreatedwiththeadsorbatesataconcentrationof0.5
monolayer and then tested at a carbon black concentra-
tion of0.04 mg/mL. The carbonblack N339 is represen-
tative ofnonoxidized carbon blacks. N339 was tested in
its uncleaned state because of the likelihood that the
resultswouldcorrelatebetterwithotherdatagenerated
with uncleaned blacks (7-9,14) and because the data
from the former experiment indicated that cleaning did
not change the phagocytic response. The carbon black
wastested at0.04mg/mL because rangefindingstudies
hadshownthatatthisconcentrationsufficientadsorbate
was present on the surface to produce phagocytic dys-
function. Figure 4 shows that phagocytic dysfunction
was produced by all the carbon black-adsorbate com-
binations, thereby demonstrating that the presence of
exogenous adsorbate can alter the biologic effect of
carbon blacks.
To determine whether or not phagocytic dysfunction
induced by the carbon black-adsorbate combinations
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FIGURE 4. Comparison ofalveolar macrophage Fc receptor-mediated
phagocytosis following 1-hr treatment with 0.04 mg/mL ofcarbon
black N339 at an adsorbate coverage of0.5 monolayers. (Thio-. =
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FIGURE 5. Comparison ofalveolar macrophage Fc receptor-mediated
phagocytosis following 1-hr treatment with 0.04 mg/mL ofcarbon
black N339 at increasing acrolein adsorbate coverages. Each value
represents the mean + SE of eight determinations.
wasduetothephysicalrelease oftheadsorbates intothe
tissue culture medium, the carbon black-adsorbate com-
binations were sonicated for 4 hr in TCM 199. There-
after, themixture wasfiltered andthe carbonblack-free
culture medium tested and compared to that of macro-
phages incubated with nontreated culture medium. No
significant (p > 0.05) differences were found between
these comparisons. This result demonstrates that the
adsorbates are not being physically released into the
tissue culture medium. The observed suppression of
phagocytic activity resulted frominteraction ofthe cells
with theparticle-adsorbate complex and was not caused
by free adsorbate in solution.
The effect ofadsorbate coverage on phagocytic activ-
ity is presented in Figure 5. Acrolein adsorbed onto the
surface of carbon black N339 in concentrations corre-
sponding to 0.5, 1.0, 2.0, and > 2.0 monolayers had a
clear dose-dependent effect on suppressing phagocyto-
sis. At concentrations up to 1.0 monolayer, sonification
did not remove the adsorbate. At concentration > 2.0
monolayers, sonicationwasnotnecessarytoremove the
adsorbateasthecoveragewasinexcessof1.0monolayer
anditwasphysicallyreleasedfromthecarbonblackinto
solutioninthetissueculturemedium. Thisexcessadsor-
bate suppressed phagocytosis.
Since the majority of these experiments were per-
forned with the N339 incubated with alveolar macro-
phages for 1 hrat aconcentration of0.04 mg/mL, it was
necessary to determine whether the particles were ac-
tuallyingestedbythemacrophages. Figure6showsthat
the carbon black particles with this incubation protocol
were not ingested but remained associated with the
macrophage membrane. Atcarbonblackconcentrations
of 0.1 and 1.0 mg/mL, it was clearly evident by light
microscopy that the agglomerated particles had been
internalized.
Since it was experimentally demonstrated that mole-
cules on the surface of carbon blacks have a definite
effect on alveolar macrophage Fc-membrane receptor-
mediated phagocytosis, actual dieselparticulate matter
collected from an engine operated under controlled con-
ditions with two different oxidizer formulations was
tested. The samples ofdiesel particulate that were ex-
amined in these experiments were collected from an
engine operated on a pure hydrocarbon fuel that con-
tained no heteroatoms such as nitrogen or sulfur. The
difference between the two samples was due to the
presence ofnitrogen in the oxidizer. The diesel particu-
late matter obtained with nitrogen-free oxidizer has
been shown to have no direct mutagenic activity by the
Ames Salmonella typhimurium assay although it could
bemadetohaveactivitysimilartothatoftheparticulate
matter obtained with air as the oxidizer (PSU #1) by
reactionofthe N-freeparticulate matterwiththeoxides
ofnitrogen (11,15). Selectedphysical andchemicalprop-
erties ofthese two dieselparticulate samples are shown
in Tables 1 and 2 (7,12,16,17). For comparison, these
tables also include comparable data for typical carbon
blacks, some of which were used in this study, and
samples of diesel particulate matter which were col-
lected from an automobile engine operated on commer-
cial diesel fuels (16) (DPM EPA). Figure 7 shows that
treatment ofthemacrophages withPSU #1 had anegli-
gible effect on phagocytosis over the concentrations
tested. By comparison, the sample N-free clearly sup-
pressed phagocytosis in a dose-related manner.
Discussion
Therationaleforthesestudiesisbasedontheassump-
tion that alveolar macrophage membrane receptor
phagocytoticfunctionmayserveasasensitivemethodto
detectalterations ofthebioeffects ofcarbonblackdueto
the sorption (desorption) ofchemicals. The data clearly
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FIGURE 6. Transmission electron microscope photomicrograph of a typical alveolar macrophage incubated for 1 hr with 0.04 mg/mL of
carbon black N339. The arrow points to the extracellular carbon black particles. x 9600.
Table 2. Selected physical and chemical properties of adsorbents.
Table 1. Elemental analysis of adsorbents.
Empirical
Particles % Carbons % Hydrogen % Oxygen % Residue formulae Particles
N765 96.35 0.50 1.96 1.19 C669H42010 N765
N339 95.36 0.49 3.61 0.54 C346H21O10 N339
N339ox 92.23 0.57 5.39 1.71 C2o8H13O10 N339ox
N110 96.01 0.26 2.13 1.60 Cw2H20010 N110
Regal 660 97.56 0.30 1.34 0.76 C97rH36010 Regal 660
Mogul L 93.10 0.46 6.14 0.12 C204H12010 Mogul L
Black Pearls Black Pearls
2000 95.47 0.30 1.76 2.47 C74H27010 2000
DPM PSU #1 95.35 0.65 3.97 0.03 C274H26O,O DPM PSU #1
DPM N-free NDa ND ND ND ND DPM N-free
DPM EPA 89.85 2.66 6.98 0.71 Ci7oHw0joi DPM EPA
IND, not determined.
Amount extracted
Surface area, by dichloromethane, Quality ofpyrene m2Ig mg/gadsorbent in adsorbent, g/g
45 NDa ND
109 ND ND
112 ND ND
159 ND ND
95 0.01 3.2x 10-9
107 0.01 0.3 x10-9
1538 ND ND
104 3.43 310X10-6
ND 34.5 293 X10-6
70 19.5 ND
termined. 'ND, not det
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FIGURE 7. Comparison ofalveolar macrophage Fe receptor-mediated
phagocytosis following 1-hr treatment with diesel engine exhaust
samples. Each value represents the mean + SE of four
determinations.
showthatphagocytosis ofasecondaryparticlechallenge
is affected to varying degrees by both carbon black and
adsorbate identity and concentration. Therefore, the
assay was judged to be sensitive to the presence and
identity ofboth carbon black and adsorbate.
The carbons blacks used in this study are oil furnace
carbon blacks which are produced from the thermal
decomposition of oil feed stocks. They have imperfect
graphitic structure, are devoid oflong-range order, and
are considered amorphous (14). The advantage ofusing
these types of particles as opposed to environmental
particles is that the carbon blacks are manufactured
under well-defined conditions and are, therefore, more
reproducible from particle to particle. By changing the
carbonblack, theparameterscontributingtothesurface
properties may be studied independently. Among the
carbonblackstested, the mostdramatic effect onphago-
cytosis was induced by treatment of the macrophages
with BlackPearls2000 (BP2000). Physically, BP2000is
unique because its surface area is approximately 10
timesgreaterthanthatofthe othercarbonblackstested
(thisblackhas agreater pore structure) and, inaddition,
BP 2000 is more spherical than the other carbon blacks.
Although the mechanism for the suppression of Fc re-
ceptor-mediated phagocytosis induced by prior carbon
treatment remains tobe elucidated, an explanation may
be that the membrane-associated carbon blackinteracts
with or sterically blocks the surface receptors. Ifthis is
indeed so, then the enhanced suppression ofphagocyto-
sis by BP 2000 may be due to the availability ofgreater
particle surface area for interaction with the Fc recep-
tor. An alternative explanation may be that previous
physicochemical studies have shown that this carbon
black interacts strongly with all adsorbates studied
(7-9). This observation, coupled with the large surface
area of BP 2000 could result in increased sorption of
molecules ontoitssurface, therebyalteringmacrophage
function.
Becauseoftheconcernthatpolycycicaromatichydro-
carbons sorbed on the surfaces of carbon blacks would
affect phagocytosis, the endogenous adsorbates were
removed and the carbons compared in their native and
cleaned states. Removal of the endogenous adsorbates
only altered the phagocytosis of macrophages treated
with N339ox where the cleaning mitigated the suppres-
sion of phagocytosis caused by the native uncleaned
particle. An explanation ofthese results is that N339ox
is an oxidized carbon black that is produced by the
oxidation ofN339 with an oxidizer. Oxidation produces
surface functional groups which are basic and have been
postulated to be predominantly quinones (7,8). The re-
moval of surface sorbed molecules may result in the
exposure of more surface active quinone groups which
have increased phagocytic dysfunctional action as com-
pared to the surfaces of the other blacks (7,8).
The adsorbates selected in this study are models for
the substituted polyaromatic hydrocarbons found on
particulate matter collected from the emissions of the
combustion oforganic matter. It is reasonable to expect
that these model compounds, by virtue oftheir simplic-
ity as compared to the actual surface sorbed pollutant
molecules, would be released more rapidly and thereby
produce more phagocytic dysfunction within the time
limits ofthis assay. The results show that macrophage
phagocytic dysfunction is clearly concentration and ad-
sorbate dependent and the more hydrophilic adsorbate
acrolein produces the greatest effect. The other adsor-
batesatthehigherconcentrationsdonowshowthesame
log dose-response relationship since at these concentra-
tions their aqueous solubilities are exceeded.
Theresults obtainedwiththetwodifferentsamples of
diesel particles can be explained on the basis of the
amount of sorbed materials that can be extracted with
dichloromethane. Although the surface area of diesel
particulatematter(DPM) N-free was notdetermined, it
is reasonable to expect that it is comparable to DPM
PSU #1. Therefore, since DPM N-free has approxi-
mately an order ofmagnitude more adsorbed molecules
that DPM PSU #1, the former particle would be ex-
pected to produce increased phagocytic dysfunction on
thebasisofincreasedsurfacecoverage. Theexactchem-
ical composition of the sorbed molecules on the N-free
DPM has not been determined apart from pyrene and
1-nitropyrene, although there is evidence that the N-
free DPM contains a greater concentration of oxygen-
containing organics that are likely to be more hydro-
philic as compared to polyaromatic hydrocarbons
(11,15).
The results of this study and related studies (7-9)
suggest that work reported by other researchers using
doped particles (18) may be in error since it is the
coverage of the surface that is a major determinant of
release. Studies based on the addition of radiolabeled
biologically active compounds to environmental parti-
cles do not generally take into account the presence of
the endogenous monolayer ofcombustion-produced ad-
sorbate. The radiolabeled adsorbate, which is sorbed
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over amultilayercoverage ofmaterial, maybe released
from the surface more readily than the same adsorbate
would be if it were directly sorbed onto the surface
active sites. For example, it has already been demon-
strated (7) that a monolayer of surface coverage is
achieved when diesel particulate matter is only 4% ex-
tractable. Clearly, thesamplePSU#1DPMhasacover-
age that corresponds to a monolayer and it does not
cause macrophage dysfunction, whereas the sample N-
free DPM has multilayer coverage. It is the facilitated
release ofadsorbed molecules in concentrations exceed-
ingthemonolayerofsurface coverage thatimpairs alve-
olar macrophage phagocytic function.
Intherespiratorytractthe alveolarmacrophagepha-
gocytic system serves as the primary defense mech-
anismagainstinhaledparticlesthatreachthedistallung
(19). Inthealveolithemacrophagesengulfthedeposited
particles thereby sequestering them from the vulner-
able respiratory membrane. The data herein demon-
strate that alveolar macrophage phagocytosis is sup-
pressed by exposure to carbon black and adsorbate
combinations. This impaired capacity of the macro-
phagestophagocytize asecondaryparticle mayresultin
abreachofthedefensesinthedeeplung. Theoutcomeof
this could take several paths. For example, phagocytic
dysfunction may lead to an increased susceptibility to
pulmonaryinfections. Alternatively, the increased resi-
dence time of particles on the alveolar surface may
provide the opportunity of particles to penetrate the
interstitium which, in turn, could result in a pathologic
outcome. Finally, alveolar macrophages consist of a
heterogenous population (20) functioning not only as
phagocytes but also as regulatory cells (21) and antigen
presenting cells for the establishment of the specific
immune response (22). Whether or not these non-
defensive functions ofthe macrophages are also affected
byexposuretocarbonblackandadsorbatecombinations
remains to be elucidated.
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